From first-principles calculations, the author predicts that the figure of merit zT=1 can be obtained at 700K along c-axis in p-type Li2SnS3, and an extraordinary zT=1.5 at 300K and 3.07 at 700K can be obtained along c-axis in n-type Li2SnSe3. The studied compounds have a high power factor, low lattice thermal conductivity. The combination of high Seebeck coefficient and electrical conductivity gives rise to high power factor, which can reach 4 mW m -1 K -2 at 300 K for p-type Li2SnS3 along the b-axis and can reach 8 mW m -1 K -2 at 300K for n-type Li2SnSe3 along the caxis. An indirect bandgap of 2.14 eV is computed for Li2SnS3, which agrees fairly with the experimental value 2.38 eV, while a direct bandgap of 1.95 eV is obtained for Li2SnSe3. Highly flat valence bands of p-type Li2SnX3 leads to high Seebeck coefficient, which can exceed 400 μV/K at 700K. Slightly dispersive conduction bands induce comparatively low Seebeck coefficient (n-type) and longer electron lifetime near band edges, due to small phase space leading to weak electrons-acoustic phonons scattering. This leads to the high electrical conductivity of ntype Li2SnX3. Moreover, electron effective mass in both compounds is lower than that of holes and quite low effective mass (0.04m0) is obtained in n-type Li2SnSe3.
Introduction
High efficient thermoelectric (TE) materials can be an alternative of traditional power generator because they lead a safe way to recycle the waste heat of high-temperature applications directly into electricity. TE materials have enticed huge research interests in the past 20 years [1] [2] [3] [4] [5] . The efficiency of TE materials is measured by a dimensionless quantity, called thermoelectric figure of merit (zT), where zT= 2 T [6, 7] . Here, S stands for the Seebeck coefficient, σ stands for the electrical conductivity, κ stands for the thermal conductivity and T is the imposed temperature. For practical applications, the TE materials with zT>3 are greatly desired [8] . Unluckily, to date, the measured efficiency in the best TE materials is stable at zT<2.6 [9] [10] [11] [12] [13] . Only SnSe shows high zT=2.6 along b-axis [10] . From first-principles calculations, some authors have predicted zT>2. 6 in some exceptional materials [14] [15] [16] . For low temperature (~300 K) applications, Bi2Te3 and its alloys have exhibited high zT [17] [18] [19] [20] . Researchers are trying either to find new high efficient TE materials or to improve the intrinsic ZT.
From the definition of zT, it can be realized the issue of obtaining high efficient thermoelectric material. The product of Seebeck coefficient and electrical conductivity, called power factor (PF), needs to be high enough and thermal conductivity needs to be low enough for high thermoelectric performance. The thermal conductivity consists of the electronic part of thermal conductivity (κe) and lattice thermal conductivity (κl) . It is very difficult to obtain high power factor and low thermal conductivity at a time. Many strategies have been proposed to reduce lattice thermal conductivity while keeping power factor almost unchanged [21] [22] [23] [24] [25] . These strategies do not work well in some cases to obtain high power factor simultaneously. Because the parameters involved in the power factor, S and σ, are changed oppositely. The Seebeck coefficient (S) may take advantage of high temperature, while the electrical conductivity (σ) may suffer from it, at a certain carrier concentration, and vice versa. The S is low at high carrier concentration and decreases with it, while σ is low at low carrier concentration and increases continuously with it. It is also very hard to keep the power factor almost unchanged while reducing the lattice thermal conductivity. The realization of high efficient thermoelectrics is rare in some materials. However, these strategies may improve zT significantly in some cases. For example, a distortion of the electronic density of states in p-type PbTe due to impurity atoms (Ti) enhanced power factor significantly and hence, the obtained high value of zT was 1.5 at 773 K [26] [27] [28] . Some materials with heavier atoms show good thermoelectric properties due to high S and low κl, such as YbFe4Sb3 [29] , CoSb3 [30] , Mg2Si1−xSnx [31] , Sb2Te3 [32] .
Although lithium-based compounds are well known for their applications in lithium batteries, it has been found experimentally that the thermoelectric efficiency of MgAgSb is enhanced by the Li-substitution [33, 34] . Moreover, Both LiH and NaH possess high TE efficiency, as found from theoretical calculations [35, 36] . Recent theoretical study on transport properties of Li-based materials revealed high TE efficiency in Li3Sb and Li3Bi [37] . Recently, Jacilynn et. al. and others have reported the synthesis and fast lithium ion conduction in Li2SnS3 [38, 39] . They have also reported high thermal stability of this temperature, stable up to 750 K without any phase transition [38] . Kaib et. al. reported the synthesis and characterization of Li2SnSe3 [40] . In the above context, here, electron and phonon transport properties are presented to reveal absolute TE conversion efficiency of Li2SnX3 (X=S, Se). From systematic investigation, the author predicts that both materials have high power factor and low thermal conductivity, and hence, exhibit excellent TE efficiency.
Computational methods
The structural relaxation and electron-phonon dynamical matrix calculations are performed using the plane wave pseudopotential method, as implemented in Quantum Espresso [41, 42] . The exchange-correlation term is treated within the PBE scheme [43, 44] . In these calculations, Vanderbilt ultrasoft pseudopotentials [45] , 42 Ry cutoff energy for wavefunctions, and methfessel-paxton smearing [46] of width 0.03Ry, are used. For charge density and electronphonon calculations, uniform 4 × 2 × 2 and 4 × 4 × 4 non-shifted k-point grids for Li2SnS3 and Li2SnSe3, respectively, and 111 q-point grids are used, as Li2SnS3 and Li2SnSe3 have 48 and 24 atoms per unit cell (i.e., these are very expansive calculations and coarse q-point is sufficient to generate e-ph matrix with reasonable accuracy [47] ). Using the e-ph matrix and an energy grid spacing of 0.6 eV-the spacing that is needed for k-points to fill all cells within in the energy grid, the electron-phonon averaged approximation (EPA) calculations are performed in EPA code [47] .
To check the consistency, the same calculation is performed in EPA-MLS code (electron-phonon average via moving least squares) that can produce accurate e-ph matrix with a coarse q-point grid (Data are not presented here) [48] . This gives averaged electron-phonon matrix elements. The electronic structure calculations are performed by using a full-potential linearized augmented plane wave method, as implemented in WIEN2k [49] . With PBE functional and TB-mBJ (Tran-Blaha modified Becke-Johnson) potential [50] ), 2600 irreducible K-points, and kinetic energy cutoff of RKmax=8.0 (this parameter determines the convergence criteria (matrix size) (plane-wave cutoff)) are used to calculate band structure and density of states. A 28 × 28 × 12 and 22 × 22 × 17 nonshifted k-point grids for Li2SnS3 and Li2SnSe3, respectively, are used for the self-consistent calculation to generate energy eigenvalues, which are required for transport calculations. The averaged e-ph matrix and energy eigenvalues are then fed into modified BoltzTrap code [47, 51] to calculate transport coefficients. In this code, the carrier relaxation time is calculated by the equation [47] where Ω is the volume of the primitive unit cell, ħ is the reduced Planck's constant, v is the phonon mode index, ̅ is the averaged phonon mode energy, 2 is the averaged electron-phonon matrix, ( ̅ , ) is the Bose-Einstein distribution function, ( + ̅ , , ) is the Fermi-Dirac distribution function, = 2 is the spin degeneracy, is the electron energy, ρ is the density of states per unit energy and unit volume, and T is the absolute temperature. The details of calculations of transport coefficients are provided in the Ref [47] . Li2SnS3 crystallizes with a space group of C2/c (#15) [38, 39] , while Li2SnSe3 crystallizes with a space group of Cc (#9) [40] . The number of atoms per unit cells is 48 and 24 for Li2SnS3 and Li2SnSe3, respectively. The calculated fully optimized lattice parameters are listed in Table I , with the available experimental and theoretical data. These optimized parameters fairly agree with the experimental and theoretical values. Table I . Fully relaxed lattice parameters of both compounds, with the available experimental (SC-XRD stands for single crystal x-ray diffraction, and SXRPD stands for synchrotron X-ray powder diffraction) and theoretical values. Please see 'Supporting Information' for the relaxed atomic coordinates.
Results and discussion
PBE-GGA overestimates the experimental values of lattice parameters by 30 less than 1%, while LDA underestimates the experimental values by ~2%. The former one gives more accurate values of lattice parameters than that of the latter. The fractional atomic coordinates are also quite close to the experimental values, as listed in Table S1 . Bond lengths of Li-S and Sn-S in both compounds are listed in Table SI2 , with available experimental values. Note that the computed bond lengths are in good agreement with experimental values. Electronic band structure and electronic density of states of both compounds are shown in Fig. 2 GGA functional and most accurate TB-mBJ potential. Both compounds show almost identical energy bands. [53, 54] ) starts at Г(0,0,0) and goes through Y(1/2,1/2,0), A(0,0,1/2), M(1/2,1/2,1/2), V(1/2,0,0), and L(1/2,0,1/2) high symmetry points, ending at Г.
In Li2SnS3, the maxima of the valence band (VBM) lies within the L-Г point, while the minima of the conduction band (CBM) lies at L. A 2.14 eV energy gap exists at L-Г-point (indicated by the circle), Li2SnS3 can be regarded to be an indirect band gap semiconductor, which is consistent with other theoretical calculations [38] . Almost the same value but direct band gap exists at L-L point. Therefore, it may behave like a direct band gap semiconductor. This value of the band gap (2.14 eV) fairly agrees with the experimental value (2.38 eV) [38] . Unlike Li2SnS3, both CBM and VBM lie at Г-point with an energy gap of 1.95 eV. Therefore, Li2SnSe3 is a direct bandgap semiconductor. Energy bands of both compounds are highly flat. Such flat energy bands favor to induce high Seebeck coefficient (according to Mott relation [26] ) and hence, high power factor. Total and projected density of states of both compounds are shown in the left panels of each band structure figure. It is clear that Sn 5p and S 3p (Se 4p) states have an important contribution to the bandgap formulation. This indicates that doping in the Sn-site or S/Se site or codoping can tune the bandgap further. Both Sn 5p and S 3p (Se 4p) orbitals are strongly hybridized in the respective compounds.
Phonons characterize the dynamical stability of a compound. The calculated phonon band structure and atom projected phonon density of states are shown in Fig. 3 . Real frequencies in the phonon dispersion curves indicate that both compounds are dynamically stable. Elastic stability can be
confirmed form elastic constants of the material. The computed elastic constants of both compounds are listed in Table II , with Pugh's ratio [55] , Poisson's ratio, and Debye temperature. 
Elastic Gruneisen parameter is defined as [58]
Slack equation, provides a simple way to estimate lattice thermal conductivity, given by [59, 60] 
where Mav is the average atomic mass, δ is the cubic root of the volume of the primitive cell, θaco is the acoustic Debye temperature, T is the imposed temperature, n is the number of atoms per unit cell, γ is the Gruneisen parameter and A is the coefficient defined by the relation, ( ) = 5.720 × 10 7 × 0.849
The Eq. 4 needs to be modified to calculate the anisotropic lattice thermal conductivity. This can be done as follows
where is the anisotropic Debye temperature that can be calculated by using the equation [61] = ℎ ( 3 4 ) , = , , . … … … (7)
Here, is the average Debye temperature along the corresponding crystallographic direction. The calculation of is required to solve the Christoffel eigenvalue equation [62] [63] [64] :
where ρ is the density of the compound, 2 ( ) is the speed of sound along with the unit vector n, is the fourth rank elastic tensor, and nk, nl are unit vector components representing the direction of propagation [65] . Table II ). This indicates the validity of the method used in this study. Large value of the Gruneisen parameter indicates high anharmonicity and hence, intense phonon scattering. By using Eq. 6, the calculated lattice thermal conductivity along three crystallographic direction is presented in Fig.  2 . Since Li2SnSe3 undergoes a phase transition around 750 K, it is reasonable to calculate lattice thermal conductivity within the temperature range of 200-700K. Both compounds show highly anisotropic thermal transport behaviors. In both compounds, lattice thermal conductivity along caxis is much lower than that along other two axes. Moreover, κl of Li2SnS3 is much larger than that of Li2SnSe3. At 300K, κl along b-axis is 4 W/m K for Li2SnS3 while it is 1 W/m K for Li2SnSe3. Unlike Li2SnS3, the maximum κl is obtained along a-axis (1.33 W/m K) of Li2SnSe3. This is a similar trend of lattice thermal conductivity of SnS and SnSe [66] . Although the calculated κl of Li2SnSe3 is very close to that of SnSe (κl (average)~1 W/m K at 300 K) [66] , κl of Li2SnS3 is much higher than that of SnS. This is incorporated by the considerable mass difference between Li and Se as compared to Li and S. The anisotropic Debye temperature of Li2SnS3 is notably higher than Li2SnSe3. However, κl of both compounds is comparatively low than that of a typical thermoelectric materials CoSb3 (11.5 W/m K at 300 K) [30] . Although the κl may be reduced further through doping/codoping other elements or nanostructuring mechanism, this will not be focused on this present paper. Because of low lattice thermal conductivity, it is interesting to explore their thermoelectric properties.
The Boltzmann transport theory uses constant relaxation approximation to calculate electrical conductivity and electronic part of the thermal conductivity. The theoretical calculations suggest that the general method cannot account the carrier relaxation time (τ) correctly [47] . Because τ changes significantly with carrier density and composition of the compound. Therefore, it is necessary to use more sophisticated method to calculate carrier relaxation time. The method used in this study can take into account the electron-phonon interaction with reasonable accuracy [47] . Fig. 4 . presents the evaluated carrier relaxation time at 300K of both compounds as a function of energy. Both compounds have almost isotropic relaxation time. In Li2SnS3, the relaxation time of electrons of conduction bands is almost same to that of holes of valence bands. Unlike Li2SnS3, electrons of CBM near Fermi level of Li2SnSe3 have longer relaxation time compared to holes of VBM. The slightly dispersive nature of conduction bands compared valence bands near the Fermi level leads to this type of behavior. In both compounds, τ decreases sharply with energy near the band edges. This can be explained from the following equation [47] −1~2 ( ) ( ) … … … (9)
The above equation implies that the relaxation time inversely varies with the carrier density of states (per unit energy and volume) (ρ), for weaker energy dependence of electron-phonon matrix elements (g) than ρ. The calculated relaxation time of both compounds exhibits the same type of behavior. Above Debye temperature, where electron-phonon (e-ph) scattering is dominated [67, 68] , e-ph coupling matrix is enough for the accurate description τ and hence, the electrical conductivity and electronic part of the thermal conductivity. Therefore, the calculated transport coefficients will be presented here from 300 K to 700 K. −3 for p-type doping. The Seebeck coefficient of p-type doping is much higher than that of n-type doping. This originates from the relatively flat valence bands compared to slightly dispersive conduction bands near band edges. The calculated Seebeck coefficient of Li2SnS3 is much higher than that of Li2SnS3. This is attributed from the wider bandgap of Li2SnS3 compared to Li2SnSe3 The Seebeck coefficients of p-type doping of Li2SnS3 and Li2SnSe3 are almost similar to those of SnS and SnSe, respectively [66] . However, the obtained Seebeck coefficients of n-type doping of Li2SnS3 and Li2SnSe3 is slightly reduced as compared to those of SnS and SnSe, respectively.
Such a high Seebeck coefficient leads to high power factor (PF), as shown in Fig. 6 . The PF shows anisotropic behavior due to anisotropic electrical conductivity, as provided in the Supplementary material. Although energy bandgap of both compounds is almost two orders of magnitude than those of SnS and SnS, respectively, the electrical conductivity of both compounds is much higher than that of SnS and SnSe. Li-induced lower effective mass ( * = 0.13 0 , ℎ * = 0.14 0 and * = 0.04 0 , ℎ * = 0.09 0 for Li2SnS3 and Li2SnSe3, respectively.) compared to SnS ( * = 0.20 0 , ℎ * = 0.28 0 )/SnSe ( * = 0.11 0 , ℎ * = 0.13 0 ) is responsible for high electrical conductivity in these compounds. The electrical conductivity of p-type doping of Li2SnS3 is much higher than that of n-type doping. This is attributed from slightly the low effective mass of holes. Unlike Li2SnS3, the electrical conductivity of n-type is much higher than that of p-type, resulting from the quite low effective mass of electrons. At 300 K, PF of p-type Li2SnS3 along a and b-axes can reach ~ 4 mW m -1 K -2 . The n-type power factor at 300K of Li2SnSe3 ( can reach ~8 mW m -1 K -2 ) is also the highest PF known to date amongst n-type semiconducting materials (close to that of 8 mW m -1 K -2 of p-type half-Heusler NbFeSb at 500 K (it is the highest PF known to date amongst semiconducting materials) [69] ). Such extraordinary power factor originates from the high Seebeck coefficient and high electrical conductivity. Fig. 7 . presents carrier concentration dependent total thermal conductivity at different temperature. Like SnS/SnSe, the thermal conductivity of both compounds shows anisotropic behavior. At low temperature and carrier concentration, lattice thermal conductivity is dominated in both compounds. However, the electronic part of the thermal conductivity is dominated in the high carrier concentration region (above ~10 20 −3 ). For further insight, the electronic part of the thermal conductivity of both compounds is shown in Fig. S2 (see supplementary material) . The total thermal conductivities of these compounds are lower than that of typical semiconductors, but p, n (cm -3 ) higher than that SnS/SnSe. This is attributed from the higher lattice thermal conductivity compared to SnS/SnSe. Such low thermal conductivity will favor for the high thermoelectric figure of merit (zT). By using the above-discussed parameters, the calculated zT as a function of carrier concentration of both compounds is shown in Fig. 8 . At 300K, zT of Li2SnS3 is quite low because of high thermal conductivity at low temperature. This value is significantly increased at 700K. The obtained zT in n-type Li2SnS3 along c-axis is 0.65 at 500K and a carrier concentration of 1.77 × 10 19 −3 . It is much lower than that of n-type SnS (zT=1.5 at 750K and a carrier concentration of ~8 × 10 19 The low value of thermal conductivity and high power factor lead to a high zT in n-type Li2SnSe3. At 300K, the present calculation predicts the highest zT, 1.5 along c-axis of n-type Li2SnSe3 at a carrier concentration of 2 × 10 18 −3 , amongst n-type material at room temperature. Therefore, Li2SnSe3 may be the most effective material for room temperature thermoelectric applications. Furthermore, the calculated maximum zT of n-type Li2SnSe3 along c-axis is 3.07 at 700 K and a carrier concentration of 5.99 × 10 18 −3 . Recently, an unprecedented zT has been predicted to be 5 at 800 K in half-Heusler Ba2BiAu. However, to date, this compound has not been synthesized.
Thus, the present calculated value of zT is the highest zT predicted in experimentally synthesized bulk compound. Note that Li, Sn, and Se are cost-effective elements and thus, these compounds may be used as the cost-effective high-performance thermoelectric materials. If the lattice thermal conductivity can be reduced further by nanostructuring, these materials might be superior for thermoelectric device applications. The present study will inspire the experimentalists to investigate TE performance of these two compounds and verify this prediction. In summary, thermoelectric properties of Li2SnX3 have been studied extensively by using the firstprinciples method. The relaxed lattice parameters are in good agreement with the experimental values. Li2SnS3 have an indirect bandgap of 2.14 eV, which fairly agrees with the experimental value 2.38 eV, while Li2SnSe3 has a direct bandgap of 1.95 eV. Both compounds have a high power factor, low lattice thermal conductivity. Highly flat valence bands of p-type Li2SnX3 leads to high Seebeck coefficient, which can exceed 400 μV/K at 700K. Slightly dispersive conduction bands induce comparative low Seebeck coefficient (n-type) and longer electron lifetime near band edges. These conduction bands lead to small phase space and hence, electrons interact weekly with the acoustic phonons. This leads to the high electrical conductivity of n-type Li2SnX3. The combination of high Seebeck coefficient and electrical conductivity gives rise to high power factor, which can reach 4 mW m -1 K -2 at 300 K for p-type Li2SnS3 along b-axis and can reach 8 mW m -1 K -2 at 300K for n-type Li2SnSe3 along c-axis. With these parameters, the author predicts that ptype Li2SnS3 is a potential material to obtain zT=1.02 at 700K along c-axis, and n-type Li2SnSe3 is a potential material to obtain an extraordinary zT=1.5 at 300K and 3.07 at 700K along c-axis. Such a high figure of merit indicates that Li2SnSe3 may be very cost-effective thermoelectric materials for the applications of both low and high-temperature energy-conversion devices. This work inspires the experimentalists to characterize the figure of merit of these compounds.
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